Pasterkamp. Comparison of lung sound transducers using a bioacoustic transducer testing system.
respiratory sounds; respiratory acoustics; microphones; accelerometers THE ABILITY TO ELECTRONICALLY record and analyze biological sounds first developed in the 1950s with the studies by McKusick et al. (22) (23) (24) of heart and respiratory sounds, and it was soon adopted by others in the 1960s and 1970s (8, 12, 13, 28, 34, 43, 49) . Since that time, it has been possible to describe lung sounds in objective terms of their timing in the respiratory cycle, duration, waveform, and frequency components. The names used for different respiratory sounds, many in common usage since Leannec's time, took on definitions based in part on their objective features revealed by sound analysis (21) .
Lung sounds are frequently recorded for teaching purposes and analyzed for research. The implicit goal of such research is to extract from the lung sound signal, qualitative or quantitative information that relates to important physiological or pathological processes. The fact that these sounds may be easily and noninvasively recorded adds to the attraction of the approach.
Despite the research of the past few decades, there has been little commercial interest in lung sound analysis, and consequently no large-scale development and validation of specialized lung sound sensors has taken place. Investigators either built their own equipment or adapted sensors that had been designed for other purposes. For this reason, comparisons of data from different laboratories have been difficult. Although the different performance of sensors is of little importance in determining timing of lung sounds, it becomes a real problem when dealing with spectral analysis or the shape of waveforms because the type of sensor and means of attachment can potentially affect these features.
In the absence of a standard sensor, a standard sound source could be used to characterize sensors so their similarities and differences would be known. Until recently, such a source has not been devised, and the best that has been tried is to use human subjects, breathing under tightly controlled conditions, as sound sources (9, 19, 31, 45) . Such a human lung sound standard is hardly practical or credible because of the normal variability in lung sound qualities among different people and at different locations on the chest. It was to address this deficiency that we recently designed and constructed a test platform intended to characterize the performance of commonly used lung sound transducers (18) .
Our intent in designing this device was to emulate, as much as possible, the conditions under which lung sound transducers are used but employing a well-defined, stable, and reproducible sound source. Both accelerometers and air-coupled microphones have been commonly used for recording lung sounds, and therefore the testing device had to be suitable for both. Accelerometers are used in industry for the measurement of vibration on surfaces. Specially designed shaker tables are used to determine their sensitivity and frequency response. An air-coupled microphone is a microphone element placed within a coupler that contains a chamber sealed to the skin, commonly by a double-sided tape ring or strap. Skin vibrations produce air pressure fluctuations within the chamber cavity, and these are transmitted to the microphone diaphragm where they are converted to an electrical signal. A variation of the air-coupled sensor arrangement is a commercial stethoscope chest piece connected by a short piece of plastic tubing to a microphone element. Air-coupled microphones have become popular for recording lung sounds because they are simple, inexpensive (most under $50.00), and easily powered, and they adapt to commonly available recording devices. However, they are not intended for such encapsulated use, they are not characterized for such use by the manufacturer, and there is no device (comparable to a shaker table for accelerometers) to evaluate their behavior in actual use.
Commercial electronic stethoscopes have usually been reserved for clinical use and not often employed in lung sound research. Nevertheless, the Andries Tek stethoscope (Andries Tek, Austin, TX) has been used in several studies by one group during the past decade (3, 5, 33) . The Andries Tek stethoscope uses a bell-shaped chamber as a microphone coupler and has no diaphragm or adjustable audio filter.
The object of the present study was to compare the frequency responses of a sample of sensors frequently used during the past decade in lung sound research. We did not attempt to duplicate lung sounds for this comparison but rather used a system described below as a stable generator of sound signals with frequency components encompassing all those present in normal and adventitious lung sounds, especially between 200 and 1,200 Hz where lung sounds contain most recognizable energy.
MATERIALS AND METHODS
We used a test system called the Bioacoustic Transducer Tester (BATT), which has been previously described (18) . Briefly, it is composed of a speaker in a rigid enclosure covered at the top by a viscoelastic polyurethane polymer surface made of Akton (Action Products, Hagerstown, MD). This surface emulates the mechanical properties of skin and subcutaneous tissue. In a previous test, we compared Akton to similar thicknesses of fresh meat and fat and found the acoustic properties to be similar (18) .
For the testing described here, we compared a variety of transducers that have commonly been used in lung sound research over the past 10 yr (Tables 1 and 2 , Fig. 1 ). We used both white noise and short pulses to emulate continuous and discontinuous lung sounds, respectively. Both types of sound were produced by a synthesized signal generator (model SRC20, Larson Davis, Provo, UT). Comparisons were made with published studies using human lung sounds when such were available (Table 1 , protocol A). All of the sensors and couplers were owned by the investigators and were used in the manner commonly employed for lung sound studies. The one exception was the PPG 201 that was used without the associated PPG amplifier and band-pass filters. We wanted to evaluate the characteristics of all the devices in the absence of external filtration.
To determine the frequency response, pseudorandom white noise (flat within Ϯ2 dB between 30 and 4,000 Hz) was amplified and Protocol A used the same couplers that were previously employed by our group in comparisons of frequency response using human lung sounds under controlled conditions (19) except that in the present study, the vent was larger. The Sony microphone used in protocol A and Radio Shack microphone used in protocol B were previously compared in identical couplers and found to be equivalent in sensitivity and frequency response Ϯ2 dB (not shown). supplied to the speaker of the BATT. The sound amplitude was adjusted to yield a signal-to-noise ratio of ϳ60 dB for each sensor at the surface of the Akton layer. At this input level, the sound was just loud enough to be heard by ear at a distance of a few inches from the BATT in a quiet room, and the sensor outputs were judged to be ϳ6 dB higher than tracheal sounds recorded from the suprasternal notch during deep but not forced breathing. Sound was recorded from the surface of the BATT by whichever device was being tested and also from the chamber beneath the Akton surface. The within-chamber sound was recorded by an electret condenser microphone (model 33-1052, Radio Shack) sealed in a 3-ml syringe tip inserted into a hole in the side of the chamber. This was done both to monitor the sound signature within the chamber as an index of stability of the interior dimensions of the BATT throughout the course of the study and to compare the internal sound signature with that of the surface sound for selected parts of the study. The pulses used as crackle surrogates consisted of a train of single, 1,000-Hz waveforms generated at a frequency of 10/s. The pulse shape, originally a single, 1,000-Hz wave, became more complex because of the unavoidable resonances within the BATT cavity. We considered this complex subsurface waveform to be the "real" shape of the pulse against which the pulse shape at the surface would be compared. The ability of the surface sensors to faithfully reproduce the shape of the subsurface pulse waveform was evaluated by cross- Fig. 2 . Comparison of the frequency dependent sensitivity of the 5 types of lung sound transducers displayed on the same amplitude and frequency scale. The spectra are intentionally offset on the y-axis to allow them to be individually distinguishable. Fig. 3 . A: spectra of white noise signal recorded from the surface of the BATT by a Sony ECM-T150 electret condenser microphone inserted in plastic couplers with cylindrical air chambers of 2-mm depth and 3 different diameters (5, 10, and 15 mm). The relative amplitudes displayed on the y-axis are as actually recorded (no offset applied). B: spectra of white noise signal recorded from surface of BATT by a Sony ECM-T150 electret condenser microphone inserted in 2 couplers with air chambers of 10-mm diameter and 2-mm depth, one cylindrically shaped (Cyl) and the other conically shaped (Con). C: spectra of white noise signal recorded frm surface of BATT by Sony ECM-T150 electret condenser microphone inserted in plastic coupler with and without a 0.6-mm-diameter vent.
correlating a 1-s segment of the pulse train (10 pulses) as acquired at the surface against the corresponding pulse train of the input (chamber). The absolute peak normalized correlation coefficient represented the degree of similarity between the pairs of signals above and below the Akton surface: 1.0 ϭ identical, 0.0 ϭ completely dissimilar. We also measured the initial deflection width of the pulses because this is the most frequently evaluated feature of crackles and is often used to discriminate between fine and coarse crackles (1, 14, 42) . The duration of the first two cycles of the pulses, another frequently assessed crackle parameter, was not measured because not all sensors displayed two cycles.
The project was carried out at two different times and locations using similar procedures and equipment as described below. Site 1 was within an anechoic chamber at Purdue University. Site 2 was in a quiet room at the University of Kentucky. In both instances, the BATT device was supported by a foam vibration isolation platform to attenuate floor and table vibrations. The center of the Akton surface was marked with indelible ink, and each sensor was placed precisely at the center of the test surface. All sensors except the Littman stethoscope head and Andries Tek stethoscope (that were held by gravity) were fastened to the surface of the BATT using a double adhesive tape ring because this is the way they are generally used in practice.
Signal Handling Site 1. The electrical output of the microphones used for the evaluation was preamplified by a stereo mixer (Realistic model 32-1100A, Tandy, Ft. Worth, TX) before digitization by a dataacquisition card (model PCI-MIO-16E-1, National Instruments). The Siemens accelerometer was used with its associated electronics before its electrical output was digitized and saved. The signals were digitized at 22,500 samples/s with 16-bit amplitude resolution. A fast Fourier transform (FFT) was performed on 1,024-point epochs of data after multiplying by a Hanning window with 50% overlap between epochs. Fifty records were averaged in the frequency domain to yield the final spectrum.
Site 2. After preamplification by the same stereo mixer as at site 1, the sounds were digitized at 44,100 Hz by an iMac computer with 16-bit amplitude resolution. A fast Fourier transform was performed on 1,024-point epochs of data after multiplying by a Hanning window, with 0% overlap between epochs. Fifty records were averaged in the frequency domain to yield the final spectrum.
The resulting averaged spectra were converted to decibels with an arbitrary reference value. These averaged spectra were saved and imported into a statistical and graphing program (JMP version 5, SAS Institute, Cary, NC) for display. We compared the spectra from the different sensors or same sensors with different couplers as outlined in Table 1 . The pulses were compared as outlined in Table 2 . Figure 2 shows the comparative spectral shapes of white noise as detected by the five different sensors applied to the surface of the BATT. The frequency range of most clinically evident lung sounds is between 200 and 1,000 Hz. All of the sensors were sensitive in this frequency range, although the smoothness of their frequency responses varied considerably. Certain respiratory sounds, most notably tracheal sounds and fine crackles, have components above 1,000 Hz. All of the sensors have some sensitivity up to 2,000 Hz except for the Andries Tek. The PPG is notable for displaying relatively high sensitivity up to 4,000 Hz. Figure 3 shows comparisons of the air chamber coupler under different conditions. Figure 3A shows the effects of different widths of the chamber coupler. These couplers were the same as were used in our previous laboratory's study in which human lung sounds were the test signal (19) . We believe that the differences seen here were insignificant (Ͻ3 dB). Trivially small differences were also seen between conical and cylindrical chamber shapes (Fig. 3B) . Figure 3C shows the effect of a 0.6-mm-diameter vent on the frequency response. As expected, this affected the lower frequencies much more than higher frequencies because the viscosity of the air in the vent resists high-frequency fluctuations more than low. Figure 4 shows the surface spectrum acquired by the Siemens and PPG accelerometers compared with the noise spectrum within the chamber beneath the surface. The chamber spectra are similar in both cases. The PPG accelerometer was superior in accurately detecting the higher frequencies of the chamber sound from its location on the Akton surface. Figure 5 shows the performance of the Littman stethoscope head in its diaphragm and bell configurations. The bell's relative attenuation of frequencies over 400 Hz compared with the diaphragm is evident. Figure 6 shows the response of the sensors to pulses. As in the comparisons of white noise spectra, the PPG performed the Fig. 6 . Accuracy with which each type of lung sound transduction device captures the waveform of a 1,000-Hz pulse fed to the speaker of the BATT. The waveform designated "chamber" is the shape of the pulse within the BATT underneath the Akton surface. IDW, initial deflection width. The normalized cross-correlation coefficient compares the phase and timing of the waveform deflections at the surface with those of the waveform within the chamber. A cross-correlation coefficient of 1.0 indicates identical signal shape, whereas 0.0 indicates complete dissimilarity. best in accurately reproducing the shape of the pulse that was present below the surface layer, although the Siemens and Sony microphone in the air chamber coupler also performed well.
RESULTS

DISCUSSION
The theory underlying lung sound transduction and the relative advantages of different transducers is beyond the scope of this article and has been discussed at length by others (9). It is not always necessary to accurately capture all the spectral components of lung sound signals. Often, only amplitude variations are of interest, and, in those cases, it is sufficient to have sensitivity to the louder sounds produced by breathing such as tracheal sounds as surrogates for airflow or tracheal configuration (10, 11, 40, 32) , or to map amplitude variations (29, 30) . Similarly, the detection of wheezing does not require a wide bandwidth, and the Andries Tek stethoscope, despite its limited frequency response, has been used successfully for this purpose (4, 5) . The same applies to detection of crackles (27, 39) .
Other types of studies require broad acoustic sensitivity such as analyses of crackle waveforms (2, 25, 26, 41) , the measurement of sound transmitted through airways (6, 15, 20, 38, 44, 46, 47) , and measurement of tracheal spectral irregularities, especially at frequencies above 1,000 Hz (16, 17, (35) (36) (37) 48) .
Reproducibility is the main advantage of evaluating lung sound sensors with an artificial chest wall and stable sound source. This is not possible when using humans as lung sound sources because of the innate variability of breathing and the presence of other biological sounds such as muscle, cardiovascular, and intestinal noises. Although sensors can be placed side by side on the chest wall, the well-established positional heterogeneity (7) of lung sounds adds poorly defined complexity to the analysis. The BATT makes these sensor comparisons relatively easy by removing biological variability while allowing one to test both microphone-based sensors and accelerometers. The test sounds are intrinsically stable, are reproducible, and encompass all the frequencies of interest to lung sound researchers. The comparisons reported here reveal large differences in the shape of the spectra captured by the different sensors. One unavoidable conclusion is that these sensors are, in general, not interchangeable, and we would expect that sounds accessed by different sensors would appear different.
The PPG 201 deserves special mention. It is an accelerometer that has been designed and used exclusively for lung sound research. It contains no internal filter and relies on external filtration to counteract its characteristically uneven frequency response. According to the PPG's specifications, the piezoelectric element resonates at 3,700 Hz, and at that frequency the device is 100 times more sensitive than it is at 1,000 Hz. This idiosyncrasy makes the PPG 201 more sensitive to frequencies above 1,200 Hz than any of the other sensors evaluated, and this is probably responsible for the ability of the PPG to accurately reproduce pulse waveforms. The amplifier-filter that is intended to be used with the PPG blunts this uneven frequency response, making it flatter. Nevertheless, the natural high-frequency emphasis of the unfiltered PPG seems well suited for sounds with high-frequency components such as crackles. However, its low-frequency performance appears to suffer compared with all the other tested sensors as shown in Fig. 2 with an approximately linear drop of 12 dB from 1,000 Hz down to 200 Hz.
Examination of Fig. 2 reveals that, for frequencies between 200 and 1,200 Hz, the Siemens accelerometer, air chamber coupler, and Littman diaphragm arrangement provide reasonably consistent frequency responses comparable within Ϯ5 dB. We expect that these three devices would perform similarly with normal lung sounds. The Andries Tek electronic stethoscope is quite sensitive to the loudest components of the vesicular sound at ϳ200 Hz but then peaks in sensitivity at 400 Hz and rapidly falls off above that. It would suffer when presented with the higher frequency components of tracheal sounds that extend to above 1,500 Hz (17) . As a general purpose lung sound sensor, we find the Andries Tek to be least useful.
How much do the differences between these sensors matter when presented with real respiratory sounds rather than white noise? The usefulness of any tool depends on how appropriately it is matched to the job it is expected to do. The Andries Tek electronic stethoscope has a much more constrained frequency response than any of the other sensors, but it appears reasonably sensitive to sound between 200 and ϳ800 Hz that encompasses most of the frequency components of the vesicular sound. To illustrate this, we compared the Sony ECM-T150 microphone in the air-coupled chest piece and the Andries Tek electronic stethoscope with vesicular and tracheal sounds instead of white noise played through the BATT. These sounds of normal breathing were made by recording lung sounds from the left anterior chest and from over the trachea at the suprasternal notch of one of the authors (S. S. Kraman). The waveforms were displayed on a computer screen, and a section, ϳ0.3 s long, of the highest amplitude portion of each of the inspiratory sounds were selected and copied to the computer buffer. The sound segments were copied and concatenated (perfectly matching the beginning and end of each copied segment) to produce two 10-s sound files containing, respectively, the spectral components of a vesicular sound and a tracheal sound without the cyclic, flow-dependent amplitude variations inherent in breathing sounds. These sounds were then played into the BATT and recorded from the surface by each of the sensors. Averaged sound spectra were then created (Fig. 7) . Despite some differences, the vesicular sound spectrum appears similar with both sensors. The Andries Tek, however, failed to adequately detect the higher frequency components of the tracheal sound such as the resonances at 1,200 and 1,600 Hz when compared with the air-coupled sensor.
We conclude that, although all the evaluated sensors were adequate for at least some types of lung sound research, they differ significantly in their ability to capture the spectral components and waveforms of these sounds. Characterization of the idiosyncrasies of these sensors begins to make comparisons of lung sounds from among different laboratories feasible.
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